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ABSTRACT

The drag coefficients for cylinders normal to the flow have
been determined experimentally at Mach ~ 2, Mach ~ 4, and Mach ~ 6 with
Knudsen numbers extending from continuum conditions to free molecule
flow conditions, The results indicate a smooth transition from inviscid
values at low Knudsen numbers to free molecule flow predictions for
diffuse reflections at high Knudsen number. Small departure theories

which are applicable to the ''near free molecule flow' regime are

compared to the experimental data.
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I. INTRODUCTION

One of the central problems of rarefied gas dynamics is to understand
the transition from free molecule flow at extremely low density to continuum
flow at high density. For internal flow situatioms, e.g., between parallel
plates or concentric cylinders, along ducts or through orifices, there is
a reasonably extensive body of theoretical and experimental information.1
Theoretical approaches of two general types have been made: (i) "over-all”
theories, seeking to obtain solutions of the Boltzmann equation, or approxi-
mations to it, for arbitrary gas density, and (ii) "small departure' theories,
in which only the initial deviations from the limiting cases of continuum and
free molecule flow are sought; these are usually referred to as slip flow and
near free molecule flow, respectively. Uhere relevant, the available experi-
mental results for such internal flows seem to be in reasonable accord with
the theoretical predictions -- although it is perhaps well to temper this
remark with the realization that most of these comparisons have so far been
confinea to situations which constitute relatively uncritical tests of theory.

For external flows of aerodynamic interest, information is much less
extensive., No over-all solutions have been proposed, so that experimental
results of an over-all nature are particularly desirable. Experiments of
this type have been carried out for sphere drag at very low2 and at very high3
Mach number, and for the heat transfer characteristics of cylinders at inter-
mediate Mach numbers. -7 The present experiments seek to provide additional
experimental data of this type in the form of cylinder drag at intermediate Mach
numbers. ''Small departure' theoretical results of some relevance to this case

are available in the near free molecule flow range, and it has been possible to

make at least a tentative comparison between theory and experiment. For the



high density condition, on the other hand, the theoretical problem is much more
complicated and has so far not been carried out ~-- even for the limiting case of
continuum flow -- so that no comparison between experiment and theory has been

possible.

IT. EXPERIMENTAL METHOD

4. Experimental Equipment

A4ll tests were performed at the Aeronautical Sciences Laboratory located
at the Richmond Field Station of the University of California. The Number 4 low
density wind tunnel and its associated standard inst:rumentation8 was used to
obtain continuous, stable, unheated supersonic flow at static pressure levels from
60 to 200 microns Hg. Three fixed axisymmetric nozzles were employed; a M ~ 2
nozzle,9 aM~4 nozzle,10 and a M ~ 6 nozzle.8

Axial forces acting on the models were measured with a null type one
component beam balance.11 A linear variable differential transformer was used to
sense the null position of the beam and model. The moment createé by the combina-
tion of sting length and the aerodynamic force acting on the model is opposed by
a spring force applied to the beam a fixed dirtance from the crossed strip flexure
pivot., .\ moment summation about the pivot center thus provides a measure of the
aerodynamic force. Figure 1 presents a schematic drawing of the balance system,
while Figure 2 displays the balance in operation in the wind tunnel.

Five separate models were designed for these tests. Three were constructed
as butt welded iron-constantan thermocouples with diameters of 0,010 inch, 0,0033
inch and 0,0015 inch., Tests involving these larger models permitted the simul-
taneous measurement of model temperature during the run. Two smaller models of
tungsten, 0,0009 inch diameter and 0.0003 inch diameter were also used. Electrical

contact with the thermocouple models when mounted in the balance was accomplished




by means of two mercury pools located on the upper plate of the balance. Care
was taken to insure against extraneous forces due to contact of the wire model
and the pool walls,

A combination of two adjustable length radial shields connected to a
fixed circumferential shield isolated the mounting yoke and the model leads from
the stream and from random wind currents outside of the uniform core flow. The
radial shields were terminated by slotted caps which provided a close fit about
the model. Previous work12 has revealed the need to prevent a radial flow of
air within the shield. Although both tapered and square ended shields were

investigated, only square ended shields were used in the final tests.

B. Experimental Procedures

The data obtained in these tests can best be considered in two separate
categories. The first involves those pressure and temperature measurements
necessary to the control and identification of the flow conditions, while the
second category contains thosc measurements which determine the magnitude of
the aerodynamic forces.

During a given run several pressure measurements are made to establish
and monitor the flow conditions. The upstream stagnation condition is first
established by the flow control system and the magnitude of the pressure observed
with either an o0il manometer when less than 20 mm Hg, or a mercury manometer for
all stagnation pressures above this value. The impact pressure is next measured
using an 0,300 inch diameter source-shaped probe located so that the tip of the
probe is approximately one half inch upstream of the model. With the probe in
this position, the nozzle wall pressure and the test chamber pressure as measured
at the exit plane of the nozzle are compared and brought into agreement to insure

a balanced jet exit condition. The means of achieving such a balance is either
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by adjustment of an iris type downstream diaphragm or by bleeding atmospheric
air into the downstream chamber. After a balanced exit condition has been
achieved the impact pressure is observed with the oil manometer. The upstream
air temperature is determined by a mercury in glass thermometer. With the flow
conditions thus established the impact probe is removed from the stream and the
force measurement can be made.

The determination of an aerodynamic force acting on a model requires a
number of measurements prior to the actual test and only two measurements during
the run period; these latter data are the extension of the quartz spring and
the length of exposed model and its location relative to the balance pivot
center. A micrometer screw-nut-counter arrangement is used to display the
spring extension while the model length and location are directly observed
with a cathetometer. The basic dimensions of the balance beam, vertical sting
and model diameter are all determined prior to the run, together with the
calibration of the quartz spring.

To minimize tunnel running and model setup time the sequence of runs
was scheduled as follows. For one model and nozzle combination at least four
runs were made with cach run characterized by a given length of exposed model,
Each run contained measurements of the aerodynamic force for four separate flow
conditions. Repetition of a run would then involve opening the wind tunnel,
changing the radial shields to expose a new model length, closing the tunnel,
pumping down and repeating the same flow settings and force measurements.

Such a series of runs would thus provide sufficient data to determine four axial
force coefficients for a limited range of Knudsen number., \lhile the model was
in the balance, a new nozzle would be inserted into the wind tunnel and data

obtained in a like manner for different Mach and Reynolds number conditions.




After all three nozzles were used, the entire operation was repeated with a new
model diameter. Approximately one hundred runs were required for this investi-

gation,

I11. DATA REDUCTION AND ERROR ANALYSIS

A« Procedure

The free stream flow properties wer: based on the me.. trement of the
upstream stagnation pressure and temperature and the impact pressure in the test
section. Conventional flow tables13 were used to determine the free stream
pressure, temperature, Mach number and dynamic pressure. Free stream Reynolds
numbets were calculated on the basis of the air viscosity as given by Bromley
and ’.Jilke.14

The aerodynamic force acting on a model with a given exposed length
was computed by a simple moment summation about the balance pivot axis. Yo
attempt was made to predict the magnitude of or to correct for end effects due
to flow interference near the shields, The model lengths exposed to the stream
varied from approximately two inches down to three eighths of an inch, permitting
the assumption that the end effects could be neglected. For the same set of flow
conditions and model size, the force data were presented in a plot of force vs.
model length, as shown in Figure 3. The extrapolation of these results to zero
length indicates a minor possible end effect. It is interesting to note that
the force intercept was consistently at a negative value for those runs with a
high free stream Reynolds number, while low Reynolds number flows produced a
slightly positive intercept. The positive intercept is consistent with the
results of Sreekanthls, although the deviation from the origin is much less
for the present data.

The value of dF/dL for each model and flow condition was then used




to determine the drag coefficient, Cx' These results are presented as a function
of the Knudsen number kD’ based on the model diameter, in Figures 4, 5, and 6
for the three Mach conditions investigated,

The model temperaturc data as determined by the thermocouple models
together with the free stream properties were used to determine the limiting
drag coefficient as based on free-molecule flow theory. 4 typical curve of the
mecasured temperature ratio vs. Knudsen number is shown in Figure 7. Although
a true asymptotic value was not determined with the 0.0015 inch model, a minor
extrapolation appears warranted,

A final presentation of results is found in Figure 8, where the ratio
of the measured drag coefficient to the limiting drag coefficient for a given

Mach number is plotted as a function of l/kD.

B, Error Analysis

The determination of the force coefficient and the Knudsen number in
this program involved a large number of measurements, each contributing a source
of error., A convenient, conservative and simple, yet adequate method of deter-
mining the maximum error possible in such an investigation can be carried out
with the assumption that all errors are additive, in phase, and are based on
known flow irregularities and on the least count of the individual instruments.
A detailed summary of such an evaluation is given by Maslach and Talbot:.16

For this investigation the three main sources of error were: (1) the
determination of the dynamic pressure, (2) the determination of model diameter,
and (3) the limited spring extension necessary to balance the minute aerodynamic
forces acting on the smallest models. Fortunately axial flow irregularities in
the flow field are negligible for the model dimensions used in this investigation.

4n indication of the value of dqm/qoo is given in Table 1 for all three nozzles.
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Model diameters were determined by the use of an Electrolimit gage except for
the two smallest models where the Sigmund Cohn values based on a weight per unit
length procedure was used to compute the diameter. The tungsten wires were
produced by an etching process from rods of known density and the final diameter
was observed with a conventional toolmakers microscope and found to be extremely
uniform. The error contribution d(AC)/(AC) is based on the raw data and
represents the best choice of spring strength necessary to accommodate all
forces to be measured in one run. Miscellaneous small error contributions

which originate in the measurement of sting, beam, and model length, and spring

calibrations are also indicated.

Mach 1.96 4.00 5.92
dqm/qw 0.7% 0.4% 0.4%
d Dm/Dm

largest Model 0.6% 0.6% 0.6%

Smallest Model 1.5% 1.5% 1.5%
d(AC)/(AC)

Largest Model 0.5% 0.4% 0.2%

Smallest Model 1.6% 0.8% 0.5%
Other Sources 0.7% 0.7% 0.7%
Total

Largest Model 2.5% 2.1% 1.9%

Smallest Model 4.5% 3.4% 3.1%

TABLE I

ERROR SOURCES AND CONTRIBUTIONS




IV. DISCUSSION

A+  The Vigcous Region

There is, of course, no solution of the Boltzmann equation for arbitrary
density for the supersonic flow past a cylinder. The inviscid continuum value of
the drag coefficient CD’ corresponding to the limit as the Knudsen number K—+0,
has been established empirically by numerous experiments in normal demsity wind
tunnels. Since all transport phenomena become unimportant in this limit, CD
is a function of the Mach number M only. For small but increasing values of
K viscous effects begin to be of importance. In the boundary layer range, the
drag force is affected by a complex combination of skin friction, displacement
pressure and separation-base-pressure phenomena. CD then depends on the Reynolds
number Re and the stream and surface temperatures Tm and Tw as well as the
Mach number, since these parameters all affect the boundary layer characteristics
(the present discussion 1s confined to the case of air, so that the specific
heats and the transport coefficients of viscosity and thermal conductivity are
all fixed by the other quantities). In the laminar boundary layer range CD is
expected17 to have the form CD ~ CD(K:O) + f(M,Tw,Tw)/'JEZT or, equivalently,
CD ~ CD(K=O) + g(M,Tw,Qm)NGZ: since K ~ M/Re. However, the quantities f and
g have not been determined theoretically. Tor slightly higher values of K,
the f£low phenomena become even more complex. Vorticity, interaction, curvature
and slip effects are all known to affect the boundary layer in the forward
stagnation region. Presumably they will also affect the separation point and
the base pressure. It is also possible that the flow is not steady, so that
the measured drag force is actually an average value. The emphasis of the present
experiments was not on the determination of these various viscous effects, and,

in the absence of any relevant theory, it has not scemed particularly useful to

subject the comparatively limited data to empirical analysis. Referring to
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Figures 4, 5, and 6, it should be noted, however, that: (1) the measurements
tend very smoothly to the proper inviscid values18 as K-*0, (2) the indicated

dependence of C., on K is limited to a particular set of values of the other

D
relevant parameters, such as Tw’ T, and the slip coefficients -- even for

relatively small K.

B. TIree Molecule Flow

Turning next to the other extreme of high Knudsen number, somewhat more
definite conclusions can be reached. For K-« the free molecule flow conditions
are expected to be satisfied, according to which inter-molecular collisions are
of negligible importance., The drag coefficient now depends on the free stream
Mach number, on the cylinder surface temperature, and upon the nature of the
interaction of the incident molecules with the surface. This latter is not known
directly, but from many molecular beam and similar surface interaction studies,
it is to be expected that the recemitted flux of air molecules from the surface
of the cylinder models of these tests, which are relatively rough and covered
with a layer of adsorbed gas, should be very nearly in complete Maxwellian
equilibrium with the surface. We term such interaction 'diffuse' for purposes
of brevity. Making this assumption, the drag coefficient can be calculated1

as

2
Jo TS5/} a5 2 2 1. s2 | 5
DD,oo =3 e (s™ + 3 )Io 5 (" + 3 )Il | Y5 %.1)

(diffuse reflection)

where S 1is the molecular speed ratio,
5 = u/~12m~2= Nyz' wm (4.2)

and S, = U/'JZRTW. The dependence of C on the surface temperature lw

D,®
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will be noted. For the present conditions this is an important contribution,

The theoretical values indicated on the graphs and elsewhere have been determined
by using the values of Iw obtained during this investigation., The effect on
CD,m of a departure from Maxwellian equilibrium for the reemitted flux can be
calculated in terms of empirical surface interaction parameters which have been
defined in such a way as to correspond more or less to a measure of the departure
from such diffuse surface interaction. 1In principle, the present experiments
could provide the basis for the determination of these empirical parameters.
However, the drag coefficient is very insensitive to these parameters for the
present range of flow conditions and surface temperature, particularly for the
higher values of M. As an indication of this, the hypothetical extreme of

specular reflection, corresponding to no interaction at all between the surface

and the incident molecules, leads to a theoretical drag coefficient of the form1

2

- 8%/2 2 2

4N 2 .3 s 2.1 S
Cpo™ 35 © (s°+ 301 5 + "+ 3L, 5 (4.3)

(specular reflection)

This differs from the value for diffuse reflection by only 3-107% in the present
range of conditions. Inspection of the data confirms the expected agreement with
the value corresponding to diffuse reflection, but it must be recognized that the
absolute accuracy is not adequate to provide a basis for the inference of precise
values for the empirical surface interaction parameters. It is probably well to
recall also that there is no a priori assurance that the actual surface inter-
action will give rise to a drag somewhere in the region bracketed by the "diffuse"
and "specular" valueslg-- particularly for the case Th << To’ For the present
case of T@ ~ To’ however, the interaction would have to be quite anomolous to

give rise to a drag force outside this bracket.
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C. Near Free Molecule Flow

Of perhaps even more interest than the free molecule flow limit for
K-+ 1is the so-called '"near free molecule flow'" region of large but finite K.
A numbexr of theoretical calculations of interest in this range have been carried
out recently. The cylinder has not been investigated, so that a direct comparison
between theory and experiment is not possible. The most nearly relevant investi-
gations are those of Baker and Charwat20 and of Willis.21 They have both con-
sidered the case of a two-dimensional strip oriented perpendicular to the flow,
and both have assumed diffuse reemission from the surface.

Baker and Charwat have limited their results to the case of S—»p,
although they include the effects of finite Sw' They idealize the gas as
consisting of hard sphere molecules and estimate the effect on the drag of

various types of collisions between incident and reemitted molecules. Their

result for the drag coefficient of the strip is given in the form

¢ - 244 28 L (32+1.36:2) B (44)
D 3vo L) L] vo ’ o

where Ve and Vo are the reemission and free stream velocities. B 1is given

by
B = %a_ . AWl - % el ] (4.5)
© J?V 2V
e e
K = A_/d (4.6)

where a is the strip half width (2a = d), Xm is the free stream near free
path and Iﬁl is the mean relative speed of free stream molecules with respect

to reemitted molecules. We take |i| = Vo + Ve, which is a slight over-estimation.




The quantity Ve/Vo is related to the reemission speed ratio Sy ™ U/'JZme

as follows: the term 2 + % Vg is identified as the free molecule flow value
o

(B = 0) for the drag coefficient of the strip. For S,M¥w, this is known to

be 2 + 4n>sw. Hence, it is appropriate to set

V

4 e N 5t

3V " S (4.7
(o] w

For purposes of comparison with the experiments, the free molecule flow value

for the strip with M,S*®» 1is replaced by C the proper expression for

D,e’
the cylinder at the appropriate values of S and Sw’ as indicated in Equation

(4.1)0

Hence, we obtain

Cp = Cp,e - FIS/K (4.8)
where

F(s,)) = 1l.19+ 1.28/3w +0.170 s - (4.9)

Willis has treated the problem in terms of the Krook model equation,
rather than the Boltzmann equation, for finite S and Sw’ and also in terms
of the Boltzmann equation for the limiting case S m, Sw > 2, He uses an
iteration process, the first term of which corresponds to the near free molecule
flow correction., The collision frequency in the model equation is adjusted so
as to give agreement between the two results for the case S-Pw, His results
require a numerical integration and are presented in Figures 21 and 22 (revised)
of Reference 22 in the form of certain plots of two functions, the '"number flux"
function BN* and the "drag" function SD* vs. the parameters S and Sw'

They can be put in the form



Cy = Co- G(s,S) 1n K/K (4.10)
where
P P
6(5,5 ) = 0.665 [ 2 ¥ 4 Fao ¥ (4.11)
w \ 1 ..2 ) -
3 (1) 3 (o] 1

The quantities Py o and p. , are the incident and reemitted normal momentum
?» ?

fluxes (pressures) for the free molecule flow case (diffuse reflection), namely,1

2
-5
L 2 S e +J-§(1+erfs)
P = =pU 1+ erf S+ (4.12)
i,0 2 ‘G-\ s2
-g2
P, = %puz-g LrerfS o (4.13)
’ w 2Nw's

Again, these corrections for the two dimensional strip are applied to the proper
value for the cylinder. The relevant values of these quantities for the present

tests are listed in the brief table.

M 1.96 4,00 5.92
S 1.64 3.3 4,95
Sy 1.17 1.55 1.66
CD’w(diff.) 3.69 3.06 2,85
CD’m(spec.) 3.36 2,88 2,76
F 2.46 2,28 2.19
G 1.17 1.50 1.59
TABLE 11

FREE MOLECULE FLOW AND NEAR FREE MOLECULE FLOW FUNCTIONS

14'
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Both authors have also considered the case of a sphere, and Willis has
also considered the case of a circular disk normal to the free stream.

The presence of the In K term in the latter result and its absence in
the former is not important numerically for the present range of values of Sw;
however its basic implication is quite disquieting in that it suggests at least
two possibilities: (1) either or both results may be only the leading terms in
an actually divergent computation and hence be without any particular significance
in themselves, or, alternatively, (ii) the results may be valid only for relatively
enormous values of X, say K >> 100.. The 1n K term arises from the two-
dimensional character of the strip problem. For another two-dimensional problem,
namely linearized Couette flow,23 Willis has established rigorously the validity
of a similar In K term, but no such conclusion has been reached for the present
case, Neither method, incidentally, leads to 1ln K terms for flows with three
dimensional symmetry, e.g., flow past a sphere, It is also important to note
that terms of 6(1/K) have been systematically neglicted in Willis's analysis
in comparison to the terms of 6(ln K/K) which are retained.

Intuitively, the difference in the geometry between a cylinder and a
two dimensional strip would not seem to be of major importance. Comparing the
axially symmetric analogue -- namely the sphere vs. the disk -- provides some
confirmation of this intuitive expectation. For the range of S and Sw of
the present tests, Willis's calculations show that the near free molecule
correction term for the sphere is about 30% smaller than that for a disk of
the same diameter. His calculations indicate a somewhat larger possible
dependence on the molecular model used in the strip. The Baker-Charwat results

for M,5—%» would also be expected to be somewhat questionable at M ~ 2, but

quite good at M = 6.
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The comparison between the cylinder drag data and the two dimensional
strip theories has been indicated on Figures 4, 5, and 6. The M = 1,96 data
appears to be in at least marginal agreement with theory, The higher Mach number
results, however, seem to be at complete odds with the theoretical predictions.
The observed departure from free molecule flow appears to be less than predicted;
or, alternatively, the value of K at which a departure from free molecule flow
begins to be dectable, i.e., ~ 2-37%, is lower than predicted, namely about 10
instead of the theoretical value of almost 100, It seems unlikely this departure
could be due to effects of geometry, molecular model or speed ratio (in the case
of the Baker-Charwat theory). 1In view of the apparent discrepancy, it would
appear advisable to continue both theoretical and experimental studies in the

near free molecule flow" regime.

V. CONCILUSIONS

1) Experimental values for the drag coefficient of cross-stream cylinders
in supersonic flow have been determined for a particular set of thermal condi-
tions but for Knudsen numbers extending from continuum to free molecule flow.

2) The results are a smooth interpolation between inviscid values at low
Knudsen number and free molecule flow predictions for diffuse reflection at
high Knudsen number.

3) There seems to be a discrepancy between the experimental values and
the theoretical predictions for the near free molecule flow range of high

Knudsen number.



2.

3.

10.

11.

12,

13.

14.

15,

l\ .

A.

A

J.

17'

REFERENCES

Schaaf, '"Mechanics of Rarefied Gases,' Handbuch der Physik, Vol. VIII,
(in press).

Millikan, YThe General Law of Fall of a Small Spherical Body Through a
Gas and its Bearing upon the Nature of Molecular Reflection from
Surfaces,' Phys. Rev., 22, 1-23 (1923).

Masson, D. N, Morris and D. E. Bloxsom, 'Measurements of Sphere Drag
from Hypersonic Continuum to Free Molecular Flow," 643-662, Rarefied
Gas Dynamics, Academic Press, New York (1961).

Stalder, G. Goodwin and M. 0. Creager, '"Heat Transfer to Bodies in a
High Speed Rarefied Gas Stream,' NACA TN-2438 (1951).

Sherman, "A Low Density Wind Tunnel Study of Shock Wave Structure and
Relaxation Phenomena in Gases,' NACA TN-3298 (1955).

Laurmann, ''Free Molecule Probe and its Use for the Study of Leading Edge
Flows,' Phys. of Fluids 1, 469 (1958).

Dewey, "Hot Wire Measurements in Low Reynolds Number Hypersonic Flows,"
GALCIT Memo No. 63 (1961).

Maslach and F. 3. Sherman, '"Design and Testing of an Axi-Symmetric Hypersonic
Nozzle for a Low Density Wind Tunnel," Univ. of Calif. Eng. Proj. Rept.
HE=-150-134 (1956).

Emerson and S. A. Schaaf, "Performance of a Supersonic Nozzle in the Rarefiec
Gas Dynamics Regime,' Univ. of Calif. Eng. Proj. Rept. HE-150-72 (1950).

Owen and F. S. Sherman, 'Design and Testing of a Mach 4 Axially Symmetric
Nozzle for Rarefied Gas Flows,'" Univ, of Calif, Eng., Proj. Rept.
HE-150-104 (1952).

Maslach and R. N. Latz, '"Force Measurements in Low Density Hypersomic
Air Flows," Advances in Vacuum Science and Techmology, Vol. II,
Pergamon Press, New York, 809-812 (1960).

Aroesty, 'Sphere Drag in a Low Density Supersonic Flow,' Univ. of Calif.

N.

A,

Eng. Proj. Rept. HE-150-192 (1962).

Riise, ''Compressible Flow Tables for Air in Increments of 0,001 in Mach
Number,'" JPL Calif. Inst. of Tech. Publication No. 27 (1954).

Bromley and C. R. Wilke, "Viscosity Behvaior of Gases,' Industrial &
Engineering Chemistry, 43, 1641, (1951).

Sreekanth, '"Drag Measurements in Circular Cylinders and Spheres in the

Transition Region at a Mach Number of 2," Univ. of Toronto UTIA
Report 74 (1961).



16,

17.

18,

19.

20.

21.

22,

G. J. Maslach and L. Talbot, "Low Density Aerodynamic Characteristics of a
Cone at Angle of Attack,' Univ, of Calif. Eng. Proj. Rept. HE-150-172
(1959).

S. A. Schaaf, E, S. Moulic, M. T. Chahine and G. J. Maslach, '"Aerodynamic
Characteristics of Wedges in Low Density Supersonic Flow,'" ARS Journal,
194-200 (1961).

F. E. Gowen and E. W. Perkins, '"Drag of Circular Cylinders for a Wide Range of
Reynolds Numbers and Mach Numbers, NACA Tech. Note TN-2960, (1953).

S. A. Schaaf, "Aerodynamics of Satellites,' Rand Company Reruii k-337 {1959)
Section 1.

R.M.L. Baker, Jr., and A. F. Charwat, "Transitional Correction to the Drag of
a Sphere in Free Molecule Flow," Phys. of Fluids, 1, 73-81 (1958).

D. R. Willis, "A Study of Some Nearly Free Molecular Flows," Ph.D. Thesix,
Princeton University (1959).

D. R. Willis, "The Effect of Molecular Model on Solutions to Linearized Couette
Flow with Large Knudsen Numbers,' 429-450, Rarefied Gas Dynamics,
Academic Press, New York (1961).

18



NTING YOKE

o CIRCUMFERENTIAL
!
ADJUSTABLE | .

RADIAL SHIELD
\U 7777777

e '.

ADJUSTABLE

LENGTH OF | |
MODEL FLOW
l |
T /
IS |
Lﬂ NOZZLE
5 S~ FIXED BASE
.
r‘[j AN
- ]
A hd
QUARTZ
/ SPRING
CALIBRATION
b EXTENSION

FIG. | FORCE MEASUREMENT SCHEMATIC

HYD-7692




FIGURE 2. MODEL AND BALANCE MOUNTED IN WIND TUNNEL

HYD 7693




0.241— M~ 2.0
0.010 INCH DIAM. MODEL

0.22

=2

0.20

0.8 / J/

»n 0.16 /

2 /
% 0.4 /
o P
O 0.12 . Ve
]
('
0.10 / /
008 // L

0.06 // VO//’
0.04 4 LA %

0.02 é;‘ﬁ,:(o‘

OO 02 04 06 08 1O 12 14 16 18 20 22
MODEL LENGTH, INCHES

FIG.3 TYPICAL FORCE - LENGTH RESULTS

HYD-7694




¢6G=W 1V 9vdQ Y3ANITAD ¥ 9Id

0y
Olgg v+ 2z Olgg lg 9 ¢ z 10g 9 2 _o.oo._
_ T T _
LIWIT MOT4
S3ILVWILS3I
\lmommm VH /!h::z:zou
Q\TE o
ad
0¢
LIAIT MOT4
JINDITION 3344 HYINI3IdS \
[ 2 / e

—

-

'

o
o
Q34NSV3IN 03

U

1IN MO14

3INJ3770N 3344 3SNn4ddiQ

<
M

o
ap}

sitim @

LvmyvHI-yINve (1)

(007

HYD-7695



O0v =W LV 9740 Y3ANITAD G 9id
Oy .

lg o z Olg o 2 l ¢ 9 4 2 10
i _ 0l

LINIT MOT4
WNNNIINOD —™] -

SILVWILSI HONN3 .x<zM9
\ﬁ\ = 072

rq
LINIT MO \ \\N -
.Nu,somjoz 3344 ¥VINI3dS \
= o — 0
4/.:_)__._ MO4

37N23710W 33¥4 3SN4410 -

YRR

LymavHI-¥vEe (D)

0h 7

d34NSV3N 0:)

HYD-7696



961 =W Lv 9vHQd Y3ANITAD 9 "9id

a
b | )
Wig ¢ 2 Olg o 2 l g 9 _N _w._
LINIT MOT4
WNANILNOD
MWD[IJmm;
0¢
Pzl
y G2
¥
/! \ 0¢
1IN MOT3
3IN9370W 3344 ¥VINI3dS SILVWILSI
N | \ HO¥YI XYW o
leg
= = SM @
1IN MO
3IN2310W 3344 3Sn441a LymyvHI-¥3Mve (D O

Q34NSVIN 03

HYD-7697



3SNOdS3Y 34N1VHIdW3IL 1300W TVIIdAL 2914

9¢ ¥2 2¢ 02 81 9l v._ox gl 01 80 90 #$0O0 20 Oww.o
—
'WVIQ HONI SI00°0 /J////w. /1/ 060
'WVIQ HONI ££00°0 /./ 60
NEES
960
‘ / 860

S1300W NILNVLSNOD -NOYI HVIa HONI o_o.o/
0t ~ HOVW 1001

HYD-7698



IOl

SIN3I13144303 ONILINIT
031NdWOD OL S3INTVA G3UNSVINW 40 NOSI¥VINOD 8 914

9/
60 80 JO 90 G0 +0

€020

0 0

\

K80

*
2

AN

80

980

£

O,
%

+}

88°0

060 &

=
¢60 ™

60

960

N850
N
+—4007

SV3N 04

HYD-7699



Chief of Naval Rewwwrou
Department of the Navy
Washington 23, D. C.

Attn: Code 438 3
419 (1)
421 )
461 [3)

Commanding Oflicer
Otfice of Naval Research
Sranch Office

481 duemer 8
Boston 10, Hae

¢
chusstts (13}

Commanding Ofticer

Office of Neval Wsssarch

branch Office

The John Crevar Lilirary Building

86 East Randolph Street

Chicaga 1, Illinots )

Comsanding Offlcer
Office of Navsl Rusearch
Sranch Office

p 17 advay

New Yurk 13, New York [$¥}

Coumanding Officer

Otfice of Neval Ressarch

Sranch Of (ice

Ravy 4100, Box 39

Tleet Post 0ffice

New York, New York (1%}

Commanding Off Lcer

0ffice of Naval Research

Branch Office

1030 Bast Oreen Strest

Pasadena |, California (1]

Commanding Ot!icur

0ffice of Naval Research

Branch Office

1000 Geary Street

$an Francisce 9, Calitornis )

Divector

Wave) Reaesrch laboratory

washington 2%, D. C.

Attt Code 2000 (8)
2020 )

Thit (Dr. A.C.Kalb) (1)

Commandlng Officer and Director

David Taylor Midel Bastn .

Washington 7, b, C.

Attnr D1, F.N.Prenkiel(Code 1084)())
Astodycanmics laboratory (1)
Library )

Chisf, Buresu of Naval Veapons
Department nf the Navy
Washington 23, D.C.

Attar Code WMBA-41) ¢}
RAAD- 3 W)
ARRK-4 m
Commandet

U.S. Kaval Wespons laborstory
Lahlgren, Virgints
Attnt  Technlcal Library o)

Cosmmander

Naval Ordnance Trat Jtation

China lake, Celifornis

Attn:  Cude 3008 [{}]
753 ($})

Commtnder

Naval Ordnance Laboratory

White Oak, Maryland

Attns  Actoballlstics Divistaon (
Asroplysica Diviston )
Ballistice Department
{Dr.A.E, Selgel) )
Gas Dynasics Diviston {1
Library ()

Chief, Buresu of Yards and Dacks

Urpartment of the bave

dsshington 25, b, €.

Attar  Code 70 [$}]
1 18

Commending Of ficer and Dlrector
U.S.Maval Civil Kiglneering Lab

Port Huenems, California

Attn:  Code L34 [t}

Superintendent

Maval Postgraduate Schootl

Mone, » Caltfornia

Attnz 'h:hnlcll Reparts Lidrarisn (1

Cowmsnder

U.5. Naval Missile Center

Point Mugs, Californis

Atens  Technical Library [4}]

Commsnding Officer

WROTC & Maval Adsinistrative Unit
Massachusetts Institute of Technology
Capbridge 39, Massactusetts m

Cosmander

Alr Force Missile Tast Center

APMIC Tachnicsl Librayy (WU 133)
Patrick Alc Porce Base, Plorida (1)

Executiva Director

ALr Porcs Office of Scfentific Resesrch
Washington 25, D. C.

Atta1 Mechani~s Division [$)]

Hoadquarters
Attn;  DCIMT-TDC

Alr Porce Unit Post Office
Los Angeles 45, California Iy

<

Am, Incorporatad

Arnold Alr Porce Statton

Tennasene @)

AR, Ineorporated
AR Library

{r Force Station
.

(O]

uumluﬂnu LIST 70X UNCLASBITIED TECRNICAL urom 138URD
CONTRAST W-ONR-222(A3) TASK NR 041-00
(Tesued 10/11/61)

Mi. ukastevicz, Chlef

Gas Dynsmics Pacility

AN, Incovporated

Arnold Adr Force Station

Trnneases (1)

LR )
Wright-Pattarson Alr Force Base
Ohlo )

Comsander
Mright Alr Devalopmant Commsnd
Wright-Patterson Alr Porce Base

Ohio
Atens  Library [$})

ASD (ASRMDY-1)
Wright-Pattevaon Ar Force Base
Ohio [¢})

ARL (ARN)

Building 430

Wright-Patterson Alr Force Bass

Ohto (2%}

glmer G. Johnson, Chief
rlutd Dynnlu Vacilities lunch
1 Ressarch
Wright-Fattereon Alr Parcs llu
Ohfo Q)

United States Army Resesrch Office
(Durham)

Sox (M, Duke Station

Durhaw, North Carolina 1)

Commanding Ceneral
Aberdesn Praving Ground, Haryland
Attn:  Technical Library (KAL) )

or. J. H. Fraser
Internal Balltstics laboratory
Aberdeen Proving Giound, Maryland (1)

Dr, C, W. Lampson
Technicsl Director
Batltetic Research Laboratories
Aberdesn Proving Ground, Marv

nd 11)

Dr. 3, Sternberg
salltstics Resesrch Laboratary
Absrdesn Proving Ground, ‘hvylll\l )

Pr. 7. D. Benme
Exretion Mlll-ll:n laborstory

[
Abstdeen Proving Ground, Maryland (1}
Arwy Rocket snd Guided Missile Agency

Ressarch Laboratory, MD Operatlons
Attal  OFDXR-RR

Asdstons Arsenal, Alabaws m
Chiel

Defense Atomic Support Agency
Washington 23, D. €. m

Zaacutlve Secretary
luation Group
tary of Defense

Washington 23, b. C. )

Ames Reassrch Centes

ation
Molftett 'hll Caltfornta
Attn)  Library 1)

langley Ressarch Center
wational Aarauunu and Space
Admintet
Langley 'llld Vlu(nl‘

Attng Llhrlry m

Lewis Rssesrch Conter

Matlenal Aeronautice and 3pace
Adatntetration

21000
Clave
Atetnp  Library )

Mational Aeronautics and Space
Adatniatration

130 Fico Boulevard

Senta Mintca, California [}

Director

Nationa) Buresu of Standarde

Washington 25, D. C.

Attns  Rlectron Physics Section (1)
Rquation of State Section (1)
Fluid Nechanics Sectlon (1)
Mathematical Physics Sect. (1)
Library (1)
or. D. K. Teai )

Dr. Lawis N. Sranscomb

Chisf, Atomic Physics Diviaion
Katlonal Bureau of Standarda
Vashington 23, D, C. [(3)

Dr. R N. Thomas

National Buresu of Standards

Boulder laboratoriss

Boulder, Colorada )

U.8, Atowic Rnargy Commission

Office of Technical Information
Intension

.0, Box 62

Oak Ridge, Tennassee )

U.8, Atomic Knergy Commisslon
Technical Information Service
Washington 23, D. C

Attnt  Technical leurhn )

Nattonal fcience Foundatlon

Diviston of Mathematical, Physical,

and Enginaering S:hncn

Weshington 23, D. C.

Atens Eoglnesring Sctences Program
Offlce (4

Arsed Services Techaicel Informatian
Agency

Arlington Hail Statton

Artington, Virgints €10y

Dr. M, Abels
Genaval Applied Sclence Lab, Inc,
Westbury, Long Islaud, Mew Yotk (1)

tassor J, D, Akermsn
lnnnuu of Technology
University of Minnasota
Ninnespolis 14, Minnesots Q)

v W, Bleakney
hysical ubonury

)

Mr, Wallace 7. Davie, President
VIDYA, Incorporated

2626 Manover Street

Palo Alta, Catifornis )

Nr, X, L. Downes,

Asststant Hesd, ll\llm-r(u

and Sclencas Zxtension

Untveratty of California

245) Bancroft Way

serkeley &, California [8}]

Protessor G, L, Von fschen
Department of Astonautical and
Astronautical Engineering

Ohioc §tate University

2036 Neil Avenue

Columbus 10, Ohio [$)]

Professor Antonio Perri

Asrodynamice laboratory

Palytechnic Institute of Breekiyn
327 Aclantic Avanue

Treaport, New York (1)

Professar %, G. Povler

Phyaice Department

University af Oklshoma

Normsn, Oklaboms )

or. L. L. Glans

Inatitute of Asrophysics

Univeraity of Turonto

Totonto 3, Ontario [3)]

Dr, Meredith €. Courdine

Lleciro & Negneto rluld Dynamics Lab.
Plasmadyne Corpo
M 5, Maln S(r-u

Santa Ana, Californis )

Professor D, F. Woralg, Chatrman
Chemiatry Department

Princaton University

Princetan, Wew Jereey )

Dr. Arthur Kantrowits, Divector
AVCO-Xvereti Ressarch Laborstary
2385 Revere Beach Perkuay

Everect 49, Massachusette [3))

Professor Otto laporte

University of Michigan

fhyslcs Department

Ann Arbor, Michigan [£9]

Professor M. Liepmann

Departmant of Asronautics

California Institute of Technology
Pasadens &, Califorais 28]

Profeassr G, 5, S. ludford
Department of Mechanics

Cornell University

tthacs, Nev York w

Or, L, Marton

Electron Physics

Nationsl Bursau of Stendards
Vashington, D. C. 1)

Dt. F, K. Moore, Dirsctor
Asro-Sclences Divisfon

Cetrell Asronautical laborvatory, Inc.
P, 0. Box 235

Suftalo 21, New York It}

Dr, Boris Ragent

VIDYA, Incorporated

2626 Wanover Street

Palo Alto, California [$}]

sor E, L, Resler

twol of Aercnautical
Enginesring

Cotnell University

Ithaca, ¥ew York

Prot
G

Dr. S. A, Schaaf

Univereity of Califomia

Dapartment of Zoginesring

Barkeley, California [¢8)

Professor A, K. Shapire

Department of Monhcn(ul mlmnln‘
ts Institute of g

Cambridge 39, Massac [$%)

Professor P, Sherman

Aetanautical Engineering Departmant
University of Michigan

Aon Aibor, Wichigan (1)

Professor K. Stewartson

Dapartment of Msthematics

University of Durham

Sciance Laboratories

South Road

Durham, Kngland )

aor O, H. Thelmer
Research Professor

New Mexico State Univarsicy

Research Center, Box 736

Univeraity Park, New Maxico (1)

Amherst University
Amherst, Massachusetts m

Divieton of Applisd Mathemstics
Srown Univereit
Providence 12, Rhode Teland [t}

AGR 1.

Frofessor Xestin

Divislon of ineering

Brown Universicy

Providence 12, Rhode Istand )

Professor Maedar

Division nf Engineering

Prown University

Providence 12, Rheds lsland w

Piofessor Probstein

Diviston of Enginesring

Brovn University

Providence 12, Rhode Island )

Profussor 4, 8, Penner

Knginesring Divieion

California Institute of Technology
Pasadens 4, Californis )y

Jet Propulsion laboratory

800 Oak Orove Drive

Pasadena, Californts

Atent  Library )

Professor K. 8, Pleeset

Engineering Divisten

California Tustituta of Technology
Pasadons 4, California ()]

Proflessor C. 1 9 Nlllllun, Director

California Institute ul Technology
dera 4, Californta Qa

Professor L. lees
A 1 Labo y

California Institute of Technology

Passdens 4, Californls o

Professor ¥, 2vicky

Department of Physics

Calttornia lnatitute of Technology
Pasadena &, Californis [¢8]

Professor G, Kuartd

Department of Mechanical Englnesring
Case Institute of Technology

10900 Ruclid Avenue

Cleveland &, Ohlo [£}]

Professar P. Xusch
Columbis University
New Tork, Nev York {1)

Tro{essor W, Sears

Craduate School of Aeronsutical
Engineering

Cornall University

Tthaca, Xev York [§}]

Dr. A. Wertaberg

Cornell Aeronautical Laboratary

4455 Genasses Street

Bulfalo, New York Q)

Pr. G, Miller

Desnver Ressarch Institute
Univeraity Park Campus
Danver University

Denver 10, Colovade [$3]
Professor C, ¥. Carrier

Plerce Hall

Karvard University

Cambridge ), Massachusetts w

Professor B, Lamons

Dspartment of Engineering Sciences
Harvard University

Casbridge )8, Massachusetts )

Profaasor L. Goldbery
Harvard College Dbsarvatory
Cambridge 38, Massachusetcs Q)

Dr. Pred L. Jhipple
60 Carden Street
Cambridgs )8, Maseachusetts (3]

or. T. Paul I\u‘l Dlrouet
Tluld
Armour uuurch
10 dest J3th Street

Chicago 16, Illinofis )

School for Applied Mathematice
Indiana Untversity
Slooaington, Indians (%)

Professor ¥, H. Clauser

Departwent of Aaronautice

Johna Nopkins University

Baltimore 18, Marylend my

Protessor R, J, Barich

Department of Physics

Lehigh Univarsity

Bethlahes, Pannsylvania [$3]

Professor John R, Markham

hoom 33-107

Department of Aeronautics and

Astronautics
ty Institute of

Cambridge, Waasachusetts Q)
Protessor 1, Amdur

Institute of 1
Cambridge, Massachusetts Q)

Professor George A. Brown
of

3-164
77 Massachusatte Avanue
Cembridge 39, Massachusette Q)

Profassor H. C, Wottel

Donnunt of Chemical Enginesring
Institute of

Cambridge 39, Massachusetts )

Professor C, C, Lin

Department of Nethematice
Inatftute of

Cambridge )9, Mamsachusetts (1)

Department of Wechanical Enginesring
s 1

Cambridgs 39, lhnuhun:u 1)



ONR DISTRIBUTION LIST

Professor B, Badarwon

Physics Department

New York University

Univereity Heights

Wew York 33, New York (1)

Protossor J. J. Stoker
Inatitute of Hathematical Sciences
& Washington Pla

Aoronautical Sciences laboratory
University of Callfornia

Richmond Pield Station

1301 Bouth 4bth Stroet

Richmond, California (1)

Protesssr R. Donnolly
Institute for the Swudy of Hetals
University of Chicage

New York 3, New York [£Y] 5040 Ellis Avenue
Chicage 37, Illinois (83
Professor J. ¥, Ludlotf
b School of A lcs ey Re P, Harvington, Head
New York University Dopartment of Auronduticsl Englneeving
New York 53, New York 1) University of Gincinmati
Cincinnati 21, Ohio [$}]
Professor Ali Bulent Cnhul
Department of ing T, L, Batley
Nortiwestern Univeraity annu-nt of Fhysics
Zvanston, Illincis 1) Unfvursity of rlorida

br. loren X, Bollinger

The Ohlo State Universfcy

Rocket Research Laboratory

2240 Olentangy River Road

Columbup 10, Ohio ()

Professor R, G, Stoner
Departwent of Physice (Osmond)
Pennsylvania State University

University Park, Pennsylvania Q)
sor W, D. Hayes
tal Research Canter

Princaton, New Jetesy )

Professor S, Bogdonoff
Department of Aeronsuticsl Englnesring
Princeton Univeraity

Princeton, New Jursey [¢3]
Profassor L, Spln-r. Jr.

vatory
rrlncclon. Hav Jaruy (1)

Professor J. Foa
Departmant of acronautical Kngineering
Rensselaer Polytechnte lnstitute

troy, Newv York )
Dr. C. Cook

Stanford Ressarch Institute

Manlo Park, California Q)

Professor D, Gilbarg

Applied Mathematics and Statistics
laboratory

Stanford Univeraity

Stanford, California (1)

Department of Aeronautical Engineering
Stanford University
Stanford, California [2}]

Professor D. Bershader

Department of Aeronautical Engineering
Stanford University

Stanford, Californta m

Professor Allen Chapmsnn, Chatirman
Mechanical Znglicering Department
William M. Rice Institute

Box 1892

Nouston 1, Texas m

Professor M, Holt

Division of Aeronsutical Sclences
University of Californis

Borkeley &, California )

Prolulor ¥. A. Nierenberg
ity of Callfornia
lﬂhluy. Catitornis (1)

Professor A, K. Oppenhoim

Diviston of Mechan{csl Lnglneering
Untvarsity of Californta

Betkeley &, Callfornia [¢}]

e, 5. A, Colgate

Radiatfon Laboratory

University of Callfornia

Liversare, Californta )

Dr, R, Powt

fadiation Labarstory

University of Califarnia

Livermote, California )

Or, Duff

los Alamos Sclentific Laborstory
University of California

Los Alamos, Nev Mexico {1)

br. J. L. Tuck

Physica Division

Los Alamos Sclentific Laborstory
Untversity of California

Los Alamos, Now Hexico 1)

Dr. Ry G. Shreffler
4114 Washington Strast
Widland, Hichigan 1)

Professor A. F, Charvat

Department of Enginaering

University of California

Loa Angeles 24, Californis 1)

Dean L.M.K. Boalter

College of Englnoaring

U.C.L.A

Los Angeles, California n

Dr. R, Chuan

Enginesring Conter

University of Southern Califoruis
University Park

Los Angales 7, Califurnta )

Professor J. Kaplan

Department of Phyafcs

U.C.L.A,

Llos Angeles, California n

Cainesville, Flocida )

Dre Ho Kendall Reynolds

Physice Departmant

University of Heuston

3801 Cullen Boulevard

Houstan, Texas )

Professor A, H. Taub

114 Digitsl Computer laborstory
Univeraity of Illinois

Urbana, Ellinots [$}]

Profeasor H. 9. Stillvell, Chairman
Department of Asronsutical and
Astronautical Engincering
University of Tllinols

Urbana, Illinots [¢}]

Professor 1. R, Griem
University of Maryland
Collage Park, Maryland )

Professor Busgers

Institute for Fluid Mechanics and
Applind Hathemmtice

University nf Maryland

Collegs Park, Haryland [$}]

Protessor G, ¥, Uhlanbeck
The Mockelsllor Institute
New York 21, Now Yotk )

Profoasor A, Xusthe

Dapa nt of Asronautical Zngineering
Untvorsity of Michigan

Ann Atbor, Michigan (1)

Professar W, C. Nelson
Dapartment of Aaronsutical Engineering
Untvarsity nf Michigan
ann Atbor, Michigan m)

Professor Feeve H, Slegel

Radiatlon laboratory

The Untversity of Michigan

201 Catharine Street

Ann Arbor, Kichigan m

D.. lhirace F, M-ffman

Director of 5.lence Service

Faculty Exchange

University of Oklahoms

Normsn, Oklahoma Q)

Dr. K, A. Btondl

Phystcs Department

Unjversity of Pittaburgh

Pittaburgh, Pennaylvania ()

Professor T. M, Donatwe
Univarsity of Fitteburgh
Pietsburgh, Pennaylvania [§3]

M. J. Thompsan

Datense Resoarch Laborstory
Uolverstty of Taxas

. 0, Box 8029

Austin, Texas )

The Library

Instltute of Aetophysics

Univeraity of Toronto

Toronto 3, Ontsrio )

Profcssor H, A. Cook, Director
rxperimental Research Group
University of Utah

Salz lake City, Utah )

A, R, Kuhlthau, Director

Research laboratories for the
Engineering Sclences

Tharnton Hall

Univoreity of Virginia
Charlottesville, Virgints )

Department Librarian

Department of Aeronautical Engineering
University of Washington

Snattle 5, Washington [$%]

Professar J. 0, Hirschfalder
Thesretical Chemistry Laboratory
University of Wisconsin

Post Office Box 2127

Hadison 3, Wisconain [¢}]

Aerojot-Coneral Corporstion

Attn: Myra T, Grenier, Librarian
6352 N, Irvindale Avenue

Azusa, California )

William H. Dorranca, Head
Asro-Analysis Department

2400 East El Sogundo Boulevard

1 Segundo, Californts [

American Machine and Poundry Company
Attn: Mechanics Ressarch Department
75-1 N, Natches Avenue

Niles, Illinois (1)

Australian ieapons Resvarch
Establistwent

c/o Dafanse Rcsearch and Development

Australian Joint Sorvice Staff

1.0, Box 4837

Washington #, D, C. 1)
br, 5. G, Lln
h La v
1365 Ravere Iuch Parkway
Everott 49, Messachusetts Q)
Labr

t
Attny  Library
2385 Rovere Baacl Parkway
Lvarett 49, Massachuoatts (1)

Hr. W, T, Kawilton (M.5, 15-34)
Chief af Yiight Technology

The Bosing Company

Arvo-Space Division

r.0, Box 3707

Seattle 24, Washington 43}

Technleal Intormation C nter

Chance Vought Corporation

P.0, Box 5907

Dallas 22, Tuxas [4}]

A, £, 3, Green

of Phynics

General Dynamice-Convalr

Mail Zone 6-172

San Dicgn 12, Californts [¢}]

N.A, Baird, G-25

Douglas Atrcralt Company, Inc,

3000 Ocean Park Boulevard

Santa Monica, Californis Q)

Yairchild Engine and Alrcraft Company
Qutded Missiles Diviston
Wysbdanch, lang laland, New York (1)

De, J. 5. Inenberg

Technical Director

riight Sclences Laboratary, Inc.
1965 Sheridan Drive

Buffale 23, New York )

Dr. ¥, Fite

Genarsl Atomic

P.0. Box 603

San Dlogo 12, Caltfornis

Dr, lawrence 1. Chasen, Manager

NSVD Lidbrary

General Zlectyic Company MSVD

J198 Chastnut Street

Phlh‘olphl‘ 1, rennsylvanis [$3)

Dr. W,

General lhclric Coupany

3750 D Stroet

thiladelphta 24, Pennsylvania )

Dr. Nagamatsu

Cenaral Electric Company

Resesrch Laboratory

P.0. Bax 1088

Schenectady, New York o)

Dr. Donald X, White

Qeneral Electric Company

Rasearch Laboratory

?.0, Box 1083

Schenectady, New York (1)

Dr. Alpher

General Electric Company

Resesrch laboratory

P.0. Box 1088

Schenectady, New York M)

br. G. Mehner

Genaral Mills, Inc.

Electronics Group

7003 £. Hennepin Avenue

Hinneapolia 13, Minnesota )
D+, Robert N. Hollyer, Jr.
rch laborator
Ceneral Motors Corporstion

12 Hile and Mound Road

Marren, Hichigsn [$V]

Enginesring Library
Grummen Alrcraft Enginsering Corp.
Bethpage, lang Taland, New Yotk [$5]

Nr. E. 0. Marriott

Hughas Alrcrafe Company

Building 6/Mail suuon Al066

Culver City, Californis )

Wr. Philllp llunbau
Hydronautics,
200 Montoe s:nn

Rockville, Marylsnd [$}]

Mr. Marahall P. Tulin
Hydronautice, Inc.
200 Monroe Strest

Rrockville, Maryland 1)
Dr. H. Cohen

1M Research Center

?.0. Sox 21

Yorktown Haights, New York Q)

Hr. Ronald Smelt

Chiaf Sclentist

Lockhead Misailes and Space Company
P.0. Box 504

Sunnyvale, Californis [¢}]

Enginesring Library

The Marquardt Covporation

16535 Saticoy

van Nuys, Californla [§Y]

PACE 2.

Hr. L. @, Cooper

The Martin Company

DATAC, Research Library, A-52

?.0, Box 17%

Dewver 1, Colorado )

Dr. Y. levy, Director

Miduest Resaarch Institute

Phystice snd Nathemstics Division

425 Volker Boulevard

Kansas City 10, Missours )

Midwast Rasearch Institute

Attn:  Library

425 Volkar Boulevard

Kansas City 10, Missourd Q)

Dr, W, C. Freswan
Nationsl Physical Laboratory
Tuddington, Hiddlesex, England [¢)]

Mr. K. Orlik-Rickerwann

Nead, Unsteady Aerodynamics

Nationsl Aeronsutical Establistment
Nationsl Ressarch Council

Ottaws 2, Canads [¢}]

br. K. K. van Driest

North American Avistion, Inc,

Space and Information Systems Divisien
12214 Lakewood Bouleverd

Downsy, Califormnis )

Northrop Corporation
Norsir Divis.
Aetnt hchnlul Information

Hewthorna, c-momu )
Hame Wooldridge c«rnuuon

A bivision of Thompson Ramo Wooldridge
lncnrpnnttun

aten teicel " .

“J! Yallbreok Averme
Canoga Park, Californis

Wr, ., Williems
Rand Corporation
1700 Main Street
Sants Monics, Californis )

pr. R, M. Perry, Chiet

Re-Entry Stmilation laboratory
Appliad Rassarch & Davelopment
fapublic Avistion Corporation
Feruingdale, New York )

Rapublic Aviation Corporstion
Attn; Nr. E, A, Simkovich

Space Systems and Russarch
Farmingdale, long lsland, New York(l)

Dr, L. F. Crabtres

Minlstry of Avistion

Royal Alrcraftr Eetablishment
Asrodynamics Department

Parnborough, Hants, Englend (1)

or. J. D. Shreve, Jr, 5112

Sandta Corporation

Sandis Base

Albuquarque, Nev Mexico Q)

Hr, C, C, Wudson

Sandia Corporation

Sandia Base

Albuquerque, Nev Mexico Q)

Nr, R, S, Claassen, Director
Thysical R search

Sendia Corperation

Sandia Base

Albuquerque, Nev Maxico Q)

br. K, G. lav

Manager, Gas Dynsmics

Space Sclances Ladoratory

Space Technology Center

King of Prussis, Pennsylvania [¢)]

Dr, A, Riteer

Tharw Advanced Reseatch

Therm, Incorporatad

Ithaca, Mew York [¢}]

United Alrcraft Corporation

Ressarch Laboratories

400 Matn Street

East Martford 8, Connecticut (1)

Or, Donald E, Davanport, Directer
Poulter laboratories

Stanford Ressarch Institute

Nento Park, Californta [¢]

Dr. Duvall

Stanford Research Institute

Poulter laboratories

Manlo Park, California Q)

Mithras, Incorporatad

380 Putnam Avenue

Combridge )9, Massachusetts

Attnt  Dr. K. §. Rubfn (1)

AVOO Raseatch & Advanced Develepment Div.

101 Lowell Street
Wilaingten, Massachusette
Attn:  Chisf of Asredynsmice



